The Ca, Mg, K, and P content of dry barley (Horderm vulgare) grains and seedlins was investigated using energy dispersive x-ray analysis and neutron activation analysis. Energy dispersive x-ray analysis of protein bodies in aleurone cells showed that these bodies contained very little Ca in relation to P, Mg, and K. Neutron activation analysis also showed that the endosperm contained very little Ca in relation to the other three elements. Surface sterilization and soaking treatments brought about slight loss of Ca but substantial loss of K from embryos. Over 6 days of growth the seedling plant gained minerals from the endosperm.
A great deal of research on germinating cereal grains has used barley (Hordeum vulgare) as a model system. Enzyme synthesis and secretion by the barley aleurone layer in response to a diffusable signal from the embryo, likely a gibberellin, has been of particular interest (13, 17) . Hydrolytic enzymes such as aamylase, RNAse, proteases and endo-,B-glucanase are produced in the aleurone layer during and after germination and then are secreted into the starchy endosperm (7) . One segment of this research has centered on the effect of the addition of Ca2" which seems to increase production and secretion of hydrolytic enzymes, particularly certain isozymes of a-amylase, from the aleurone layer (1, 2, 8, 9, 12) .
In view of the potential importance of Ca2" to the barley seedling we were interested to determine whether or not that ion was stored by the seed. Preliminary studies on barley grains in our laboratory indicated that Ca levels in phytate-rich globoid crystals were very low. Phytate, which is rich in P, K, and Mg, is a major mineral store in barley grains (5, 10, 14) . Our initial findings prompted us to undertake a detailed investigation of the minerals of barley grains and seedlings in an attempt to determine the levels, distribution and mobility of Ca, K, P, and Mg.
We used both EDX3 analysis of selected subcellular compartments and quantitative NAA of entire tissues in our attempts to understand the mineral balance in barley grains. Preparation for Scnning Electron Microscopy. Cross-sections of the scutellum regions of dry grains and longitudinal sections of entire dry grains were made with razor blades. Sections were mounted on aluminum stubs using silver glue and then carbon coated before being studied in an ISI model DS-1 30 scanning electron microscope operating at 15 kV. EDX analysis, as described below, was used to determine mineral content of protein bodies in aleurone and scutellum cells. To determine whether or not elemental content of protein bodies ofthe aleurone layer was uniform along the length of the grain, a comparison was made between elemental content of protein bodies at the distal end of the grain with those proximal to the embryo.
Energy Dispersive X-ray Analysis. EDX analysis studies used a PGT System 4 Energy Dispersive X-Ray Analysis System. Each protein body was analyzed for 100 s. Count rates were adjusted to between 1000 and 3000 counts per s. X-ray counts for Mg, P, K, and Ca were calculated by integrating peaks at the following window widths: Mg = 1.146 to 1.358, P = 1.899 to 2.125, K = 3.187 to 3.437, Ca = 3.562 to 3.818 keV. The total number of counts in each peak was determined before and after background subtraction. Since the KY peak ofpotassium overlaps the Ka peak of Ca, it was necessary to make a correction for this overlap. Background was subtracted using a program that joins a series of predetermined points. The eV values used in the background subtraction program were as follows: 536, 660, 724, 888, 972, 1416, 1568, 2448, 2852, 2996, 4424, 5100, 6100, 9400, 11272. Peak-to-background ratios for each element were calculated. Since P is the most abundant element in phytate mineral stores, the peak-to-background ratio for each element was ratioed to the peak-to-background ratio for P. To determine whether differences were significant at the 5% level, a standard t test was applied to compare means calculated from the data. The formula used for the test was for unpaired data where neither the population mean nor the variance were known (16 was different from those of the aleurone layer (Table I ). Peak to background ratios for P in protein bodies of the scutellum were half that of protein bodies in the aleurone layer, which indicated that the density of the deposits was lower. Peak to background ratios for K and Mg in the scuteilum were also less while the peak to background ratios for Ca were greater than those in the aleurone layer.
To establish whether changes occufred in overall mineral content during seedling growth, the levels of Mg, K, P, and Ca were measured in 1-to 6-d-old seedlings. The greatest changes were exhibited by K and P (Fig. 1) (Fig. 2) ; however, the basic trend was similar to that for K Having determined that leakage occurred over the course of the 3-d imbibition involved in aleurone layer preparation, it was interesting to determine mineral levels in the aleurone layer and starchy endosperm portions. The NAA data (Table IV) showed that the majority of the mineral content in the endosperm plus adhering pericarp portion of barley grains was concentrated in the aleurone layer plus pericarp fraction. The starchy endosperm contained very little of any of the minerals measured. The volume measured for the endosperm plus adhering pericarp portion was 0.024 ± 0.001 ml. The average weight of an intact barley grain, based upon a sample of 2,300 grains, was 0.044 g.
MINERALS IN BARLEY GRAINS AND SEEDLINGS
The average weight of an endosperm plus adhering pericarp portion, based upon a sample of 300, was 0.035 g. forming nearly 45% of the total content of the four elements of interest. P, Mg, and Ca formed 38.5%, 13.3%, and 3.2% of the total ofthe four elements. Clearly, then, Ca is present in relatively low amounts in the entire grain.
Results from EDX analysis of globoid crystals in the protein bodies of the aleurone layer of barley showed the presence of Mg, K, and P but very low levels of Ca. This lack of substantial Ca reserves in the aleurone layer itself may require that any major Ca requirement of the aleurone layer, if such a requirement exists, be met from the starchy endosperm or from the embryo or from the soil solution. Separation of the endosperm into the aleurone and the starchy endosperm indicated that the aleurone layer was the main store of minerals in the endosperm. While we did not establish the origin of the minerals lost from the endosperm during the period of soaking prior to separation of the aleurone layers from the starchy endosperms, the starchy endosperm contained very little mineral content after soaking. The difference between the mineral content of dry endosperms and those that have been soaked indicates that at least a small amount of Ca and a large amount of K is potentially free in the endosperm of an intact grain. The Ca content of the protein bodies in the scutellum was found to be higher than that of protein bodies in the aleurone layer. It is possible that the embryo could serve as source of both gibberellin and some Ca2+ to the aleurone layer during germination of intact grains.
It is possible that the exogenous Ca supplied to isolated aleurone layers fulfills a need for some other unknown factor or factors that are normally present in intact grains. It is interesting Plant Physiol. Vol. 86, 1988 to note that half seeds have less requirement for Ca than do isolated aleurone layers (2) . The barley aleurone layer protoplast studies of Jacobsen et al. (6) , found that Ca alone was not effective and that their protoplasts needed some factor present in the used isolation buffer to promote hydrolytic enzyme production. NAA data from germination experiments carried out in the absence of exogenous mineral supply, indicated that movement of minerals tended to be from endosperm to embryo. This result is supported by work on malting barley, in-which the mineral content ofdeveloping seedlings was found to increase (1 1). There was no indication in our study that movement of Ca was markedly different from that ofK, P, and Mg. The percentage decrease in Mg, Ca, P, and K content of endosperms was 37, 49, 51, and 89%, respectively. The great movement of K from endosperm to embryo is probably aided by the high mobility of K+ and the need for K+ by growing celUs.
The decrease in all analyzed elements in the embryo after 1 d of growth may be due, in part, to mineral efflux which is known to occur upon imbibition of desiccated seed tissues (3, 15) . Investigation of this mineral loss by soalking tissues in large volumes ofwater did not provide a complete answer. The soaking experiments showed that the majority of the mineral loss occurred shortly after the start of the imbibition period. In fact, much of the loss occurred during the short surface sterilization procedure. Some of this mineral loss may be from broken cels on the cut surfaces of the tissue. More loss occurred in the endosperm than the embryo. Perhaps minerals can be leached 96 STEWART ET AL.
